The photoelectrochemical oxidation of (i00), (I 11), and (i 11) n-InP and n-GaAs in several acidic solutions has been investigated. Specific interactions between the single crystal semiconductors and solvent selectively revea_l_crystal faces other than those originally exposed to the solvent. The relative stability of the n-lnP faces is (111) > (100) > (111). The first case of electron injection during the photoanodic dissolution of III-V compound semiconductors has been observed with (I 00) and (111) n-InP. Nucleophilic attack by Cl-or Br-produce intermediates whose potential and kinetics allow electron injection into the semiconductor conduction band reducing the number of photons required for the reaction from six to four. The conditions for selectively etching smooth surfaces on (100) n-lnP are discussed in detail along with the conditions for maintaining polished surfaces on n-lnP(lll) or A-face, which is difficult with conventional chemical polishes.
The mechanism, rate, and suppression of n-type III-V semiconductor oxidation plays a critical role in several scientific areas. Chemical oxid'ation of semiconductors is a well-known method of polishing and removing damage from III-V surfaces (1) and electrochemical etching (2) (3) (4) has been used to study crystal defects. The characterization (5) (6) (7) (8) of the GaAs and InP semiconductor/aqueous solution interface and study of its photo-oxidation (9) (10) (11) (12) (13) (14) has led to the design of stable photovoltaic cells for the conversion of optical power into chemical and/or electrical power (15) (16) (17) (18) ,
More recently, the advent of solid-state devices based on III-V materials for use in optical communication and high speed electronic systems has created new interest in the etching and selective etching (19) (20) (21) (22) of the semiconductors. For example, the photoelectrochemical etching of n-InP and n-GaAs has been used to: form integral lenses on 1.3 ~m InP/InGaAsP LED's (23) , separate LED's and photodetectors into individual devices from wafer form (24) , produce long wavelength annular p-i-n photodetectors (25) , and etch millimeter wave electron oscillators (26) .
In such cases where the decomposition of the semiconductor is desirable, it is necessary to control the rate of etching and surface topography. In this report, the photo-oxidation of (111), (100), and (1"~) n-InP and n-GaAs is explored in several acidic solutions. It has previously been found that etching is initiated by a hole at the surface and nucleophilic attack by the solvent (9) (10) (11) (12) , with all subsequent electron transfer steps also requiring holes except for Ge. It has been found in most cases that reactive intermediates capable of injecting electrons into the InP conduction band selectively expose crystal planes other than those initially exposed. Thus, smooth surfaces can only be etched when the reactivity of the various faces and the dissolution of both species of the compound semiconductor are nearly equal. The conditions for producing maximum smoothness are examined.
Experimental
The single crystals of GaAs and InP were obtained from Atomergic Chemicals (Long Island, New York) and chemically/mechanically polished. The (100) and (111), or B-face which has phosphorus or arsenic atoms on the surface, were polished in a Bre/methanol solution. The (111), or A-face which has only indium or gallium atoms on the surface was chemically/ mechanically syton polished. The GaAs samples were Te doped excep~ for the (100) sample which was Si doped. The InP samples were primarily doped with Sn, however, S and undoped n-InP(100) material were used for comparison. The doping density was less than 2 X 10iVcm 3 except for the (.100) n-InP(S) and n-InP (undoped) which were 1-2 • 101S/cma and 5-8 • 1015, respectively.
Ohmic contacts were made to the crystals with a Ga/In ahoy and the semiconductors were then mounted as electrodes. Silver paint was used to make electrical contact and the sides and back o.f the crystal were insulated with glycol phthalate wax.
The electrochemical measurements were made with a PAR (Princeton Applied Research, Princeton, N.J.) 173 potentiostat, 179 coulometer, and 175 programmer. The surface roughness was measured with a surface profiler.
An tte-Ne laser was used in conjunction with an EG&G 450-1 radiometer and neutral density filters to obtain a known photon flux. The measurements were corrected for the reflective losses from the cell and the surface of the semiconductor to determine the photons absorbed. The absolute error is <10%. A tungstenhalogen lamp was used as the illumination source to uniformly etch large area electrodes for surface smoothness studies. The intensity was varied with neutral density filters.
Results
The current-voltage (I-V) behavior of the (100), (111), and (111) faces of n-InP and n-GaAs were examined in several different acidic solutions under a variety of illumination conditions. Figures 1 and 2 show typical I-V curves for InP and GaAs, respectively. Only a small fraction of the electrode was illuminated by the laser in Fig. 1 and 2 and the total radiant power in ~watts is shown for each electrode. /-----.." In buffered HF, the I-V curves were shifted to potentials more negative than the other acids because of the pH dependence of VrB (8, 15) . The I-V curve for n-InP (100) was consistently shifted to more negative potentials than the (111) and (111) presumably because of changes in the flatband potential of the semiconductor arising from differences in the Helmholtz layer. Undoped n-InP (ND ~ 1016) behaved the same as high sulfur-doped n-InP (ND ~'~ 2 • 10is).
A slightly more complicated trend was observed with GaAs. The (111) face was consistently shifted to more negative potentials than the (100) or (111); and the relative shape of the (111) curves varied. Also there is a greater change in onset potential with GaAs than that expected from changes in pH. The onset potential in I-I2SO4 is more negative than in HC1 or HBr in spite of the similar pH. At potentials on the photocurrent plateau the current was directly proportional to radiant intensity over wide ranges. In HC1, the current range exceeded I00 mA/cm 2 whereas in HF and HBr only about 80 and 30 mA/cm 2, respectively, could be obtained before the rate of dissolution of the reaction products limited the current density. These current density limits were also dependent on agitation and electrolyte concentration.
The two most striking differences in the photooxidation of the various faces are the changes in the plateau current for the various faces and the topography differences of the semiconductor upon prolonged etching. Although all the currents in Fig. 1 and 2 were directly proportional to light intensity, the observed current was significantly different for the various InP faces in the solvents. The origin of the photocurrent can be summarized in Eq. [1] and [2] 
Minority carrier holes, h +, and electrons, e-, are photogenerated in Eq. [1] and at potentials positive of VFB they are forced to the semiconductor/solution interface where they participate in the photodissolution of the semiconductor, Eq. [2] . The number of photons participating in the oxidation of one III-V molecule is given by x, however, the total number of electrons transferred through the external circuit is x % y, where y is the number of nonphotogenerated electrons involved.
Electrons can be injected directly into the conduction band by reaction intermediates whose reduction potential is more negative than the cofiduction bandedge. The only previously reported electron injection has been for Ge (11, 12) . The total number of electrons involved per molecule x -t-y was measured to be 5.8 and 5.4 for n-InP(100) in HC1 and HF, respectively. T, his is within experimental error of 6 electrons/InP previously reported (14) . These values were independent of potential for voltages from 0.1 to 0.gv vs.
SCE and currents from 10 to 20 mA/cm~. Table I gives the number of photons per molecule of InP and GaAs assuming a six-electron process. The number of electrons (x W-Y) measured in the external circuit exceeded the number of photons absorbed by the n-InP (100) and (11t). Thus, the. deviations in plateau currents observed in Fig. 1 are due to electron injection into the conduction band which does not require light.
In HC1 and HBr, the etching of n-InP (100) and (111) required only about 4 photons/InP and thus 2 electrons were injected. Less injection was observed in HF. The InP(111) required about 6 photons assuming a small fraction of the light was lost to recombination from photons absorbed outside the space charge region and surfaces defects. These values were consistent for laser intensities from 0.1 to 1.5 roW. The number of photons required for GaAs dissolution was relatively consistent for the different solvents and is reasonably close to the expected value of 6. The current decayed slightly with time during the GaAs dissolution process increasing the apparent number o~ photons required.
There was a definite correlation between the surface topography of the InP after etching ,-,20 C/cm 2 and the amount .of electron injection as shown in Table I . The InP(100) and (111) in HC1 and HBr were significantly rougher than those etched in HF where the amount of electron injection was less.
A scanning electron micrograph of the InP(100), (111), and (111) surfaces in HC1 and HF are ~hown in Fig. 3 . The two roughest surfaces gave the most electron injection; n-InP(lll)and (100) in HC1 as shown in Fig. 3A and B, respectively. They both appear velvety black to the eye. Figure 4A shows a cross section of the n-InP(100) shown in Fig. 3B cleaved along the (011) plane. There is 35~ ~ angle between the planes exposed in Fig. 4A and the original surface. This strongly suggests that (110) planes are revealed (Fig.  4A ) upon etching n-InP(100) in HC1. Upon prolonged etching of n-InP(100), >50 #m etched, very deep pits are formed as shown in Fig. 4B . Although it may appear that the peaks in Fig. 4B are not etching, there is no measurable decrease in the current density upon etching showing that the light is utilized as efficiently as when the etching started.
Crystal facets with a 52~ ~ angle were observed upon etching n -I n P ( l l l ) in HC1 when cleaved along the (110) plane. This suggests that the (111) face is preferentially exposed. When the (111) is etched, Fig.  3 .C, the original surface is preserved. This indicates that no crystal plane is exposed preferential to the (111).
In HF, there is much less electron injection and very little preferential featuring of the crystal surface as shown in Fig. 3D , E, and F. The surfaces are quite smooth and the electrical current exceeded the photon flux only with the (i00) surface of InP. The n-lnP (111) shows the only crystallographic featuring, Fig.  3D . In general, there was much less of a tendency to expose alternate crystal planes in HF as compared to HCI or HBr. Chemically, the important difference in the two types of solvents is the ability of C1-and B rto participate in In dissolution whereas F -does not. This aspect will be discussed in greater detail in the next section.
The surfa.ce topography of the n -I n P etched in HF is a function of the solution condition and etch rate. The n-InP(100) sulfur-doped (ND ,~ 1018) was examined in detail because of its low defect density and hence c~evice applications. Table II shows that the smoothest etched surfaces were produced at the lower current densities. The larger surface features in Table II were generally from damage or defects and the small roughness value was indicative of a more ideal surface. This indicates that the smoothness is not dependent on the formation of insoluble surface films as in electropolishing which limit the rate of dissolution. The slow rate of oxidation allows adequate time for dissolution and salvation of the reaction products. As the current density increases, a rougher surface is observed as the limiting rate of dissolution is approached until finally a precipitate is observed on the I n P surface for current densities >100 m A / c m 2. The current density is then no longer a linear function of light intensity.
Although the etch rate or c u r r e n t density is directly proportional to intensity on the limiting current plateau, n o n l i n e a r relationships have been found at other potentials on the rising portion of the I -V c u r v e . At these potentials the semiconductor space charge region is t h i n n e r than the absorption depth of the incident radiation and only of a fraction of the photogenerated carriers migrate to the semiconductorsolution interface. Figures 5 and 6 show the collection efficiency of the light as a function of intensity for I n P in I-IF and HC1, respectively. The 100.% value is that observed on the limiting plateau. At lower intensities the relative efficiency of the etching is greater than at high intensities. This nonlinearity is discussed in the next section. Knowledge of this behavior is of particular importance when specific profiles are to be etched into semiconductor surfaces (24) . 
Discussion
The energetics o~ the semiconductor/solution interface have been extensively discussed and m a n y specific solid-solvent interactions have been described which dramatically affect the junction (15) . Small variations in the nature of the surface can affect the adsorption of ions on molecules and change the potential drop across the Helmholtz layer in solution. This change will shift the potential of zero charge in the semiconductor (VFB). The negative shift of all GaAs electrodes in H~SO4 and the pH dependence of the electrodes are examples of changes in the Helmholtz layer.
The solid/solvent interaction takes on a more dynamic role as photo-oxidation occurs. The six-electron transfer reactions and accompanying chemical reactions, Eq. [2] , are initiated by a photogenerated hole and nucleophilic attack (9-12).
A -B + h + + X -~
A -X + B [3] The more electropositive species A of the compound semiconductor A-B forms an intermediate species with the ligand X -specffic to the particular solvent system. Each of the six-electron transfer reactions is characterized by a free energy. The free energy of the overall reaction, Eq. [2] , is composed of the i n d i v i d u a l potentials and thermodynamics of the chemical reactions. The importance of this overall reduction potential to the stabilization of liquid junction solar cells has been discussed elsewhere (16, 17) . The reduction potential of the reactant and products in Eq. [3] is strongly tied to the nucleophilic attack of X -. It has been found that the dissolution of In +8 from In or I n ( H g ) e l e c t r o d e s in CI-, B r -, I -, or S C Nsolutions is via a ligand bridge intermediate (27) (28) (29) . However, because F -is nonpolarizable, it only forms solution complexes such as I n F 2+ and does not partici- pate in the dissolution intermediate. A similar effect appears to be responsible for the electron injection and resulting roughness with n-InP. The P-rich face, n-InP (111), is the most susee,ptible to attack and dissolution by halogenated solvents (1) . The surface In has the least number of bonds to the lattice and an In-rich (11-1) surface is exposed upon etching (llli in C1-or Br-. Also, electron injection in these solvents shows that the reduction potential of the intermediate is stabilized or shifted to more negative voltages. The absence of nucleophilic attack by F-makes the In on the (100) and (111) faces similar in dissolution rate and hence less electron injection and less preferential exposure of a different crystal face is observed.
When the n-InP(100) face is exposed to the solvent, the (110) crystallographic face is preferred in HC1. The large amount of electron injection (two of the six electrons in Eq. [2] ), again indicates the relative stability of the intermediate in C1-and Br-. Upon etching the In-rich (111) face no electron injection or crystallographic exposure of other faces is observed. The order of reactivity in C1-or Br-is the same as that found in chemical etches: (111) > (100) > (111).
The absence of electron injection with GaAs and all other semiconductors studied thus far, except Ge, is possibly because of the more negative potential of the conduction bandedge and probability of forming intermediates such as In(I). Specular surfaces are maintained upon etching InP when the rates of dissolution of both species in the compound semiconductor are comparable and the relative stability of the faces is nearly equal. Buffered HF appears to meet these requirements and yet maintain oxide dissolution. Thus, the hole initiated etching of (100) and (111) InP maintains smooth surfaces. This is in contrast to chemical etchants which canno~ ,polish (111) InP.
The rate of etching is directly proportional to the hole concentration at the surface, Eq. [2] , even when electron injection occurs for intermediate species. However, potentially nondesirable deviations from linearity occur on the rising portion of the I-V curve. The collection efficiency decreases for several reasons. First, any uncompensated IR drops in the electrode or electrolyte make the actual electrode potential more negative than that applied. In this situation, the field within the semiconductor is reduced and the space charge region is thinner. Second, photogenerated carriers increase the net free carriers within the space charge region and decrease its depth relative to the absorption length of light. Thus, a greater percent of the carriers will be generated outside the space charge region at higher intensities. Third, any recombinations which are de,pendent on the concentration of electrons and holes consume a greater fraction of the carriers at higher intensities because of their increased concentration.
The differences in solid/solvent interaction can be of particular significance with polycrystalline materials where many faces are exposed simultaneously. The collection efficiency of light, stability, and reaction energetics are nonuniform across the surfaces. Further, it points out the importance of grain boundaries because this is the location where perturbations in the solid merge.
Conclusions
The mechanism and energetics of the n-GaAs and n-InP photoinitiated oxidation is dependent on the hole concentration at the semiconductor/solution interface and specific interactions with the solvent. Smooth profiles can be etched into n-type III-V single crystal surfaces if the rate of dissolution of the two species and reactivity of the faces is similar. Specular surfaces can be etched on n-GaAs and n-InP crystals including the (100) and (111) or A-face which is difficult to do by other chemical means. Crystal faces other than those originally used can be selectively exhibited. This is accompanied by electron injection into the conduction band of the semiconductor because ligand bridging by C1-and Br-forms intermediate species whose potential is more negative than the potential of the conduction bandedge.
